The oxidization of unactivated C-H bonds of pentacyclic triterpenes (PTs) is of great interest for the structural modification of PTs. Herein, we discovered the unique capability of Streptomyces griseus ATCC 13273 to catalyze the site-selective oxidation of the C-30 methyl group to the carboxyl group and hydroxylation of the C-24 methyl group over a range of ursane triterpenes, including ursolic acid (1), 3-oxo ursolic acid (2), and corosolic acid (3). It is noteworthy that while using asiatic acid (4) and madasiatic acid (5), which bear one hydroxyl group on C-23 as substrates, the hydroxylation on C-24 was blocked. As a result, eight new compounds (1a-3a, 5a, 1b-3b and 5b) of the metabolites were isolated and their structures were elucidated based on 1D and 2D NMR and HR-MS data. In addition, the cytotoxicity of substrates and transformed products was preliminarily evaluated by an MTT assay.
Introduction
Pentacyclic triterpenes (PTs) are bioactive natural products, which display a remarkable spectrum of biological activities, such as anti-tumor, anti-HIV, anti-microbial, anti-diabetic, and anti-inammatory activities. [1] [2] [3] [4] The substitution of hydroxyl or carbonyl groups to the methyl or methenyl carbons, respectively, of the skeleton greatly enrich the structural diversity 2, 5, 6 and is also essential for the biological activities and structural modication of PTs. [7] [8] [9] Herein, the research on the structural modication of PTs was focused on the functionalization of the unactivated C-H bonds on the skeleton; it could also enrich the structural diversities and generate more effective and/or less toxic derivatives. [10] [11] [12] However, selective C-H activation remains a challenge for synthetic chemists. [13] [14] [15] In the chemical modication of natural small molecules including PTs, regioselective oxidation of CH 3 or CH 2 is one of the most difficult steps, and the present chemical processes always involve the use of heavy metals and tedious steps. 16, 17 With the versatile enzyme systems of microbes, biotransformation makes the C-H oxidation modication of small molecules including PTs facile and green in a single step. 18, 19 In fact, when using microorganisms as a biocatalyst, the cheap and readily available compounds in nature can be directionally converted to high added-value natural compounds or new natural productlike compounds.
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In our previous studies, some novel microbial transformations of pentacyclic triterpenoids such as asymmetric ketone hydroxylation 23 and methyl hydroxylation 24 have been reported individually. Streptomyces griseus ATCC 13273 has been proven as a potent strain that can achieve oxygenation of unactivated C-H bonds of the olean-type pentacyclic triterpenes. 24 In order to investigate the regioselective oxidizing capability of S. griseus ATCC 13273 to ursane triterpenes and expand the structural diversities of PTs, ve ursane triterpenes, ursolic acid (1), 3-oxo ursolic acid (2), corosolic acid (3), asiatic acid (4) and madasiatic acid (5), were used as the substrates in this study, resulting in eight new metabolites and one known metabolite. This was the rst time the biotransformation of ursane triterpenes by S. griseus ATCC 13273 was screened. Moreover, the inuence of the hydroxyl substitutions on the A and B rings on the reactions was also analyzed as the ve ursane-type substrates bear different numbers of hydroxyl groups on the A and B ring skeleton: 3-oxo ursolic acid (2, with no hydroxyl group), ursolic acid (1, with one hydroxyl group at C-3), corosolic acid (3, with two hydroxyl groups at C-3 and C-2), asiatic acid (4, with three hydroxyl groups at C-3, C-2 and C-23) and madasiatic acid (5, with four hydroxyl groups at C-3, C-2, C-23 and C-6). In addition, the cytotoxicity of the substrates and metabolites against HepG2 and MCF-7 cells was evaluated by an MTT assay.
Results and discussion

Identication of transformed products
Ursolic acid (1) (150 mg) was added into a 2 day-old culture of S. griseus ATCC 13273, and two additional polar metabolites, compounds 1a (48.6 mg, yield 30.4%) and 1b (52.1 mg, yield 31.6%), were isolated (Fig. 1) .
Compound 1a was isolated as a colorless powder, and the HR-ESI-MS of compound 1a showed an [ -25) , indicating that the hydroxyl group was substituted at C-24. Based on all the evidence, metabolite 1b was characterized as 3b,24-dihydroxy-urs-12-en-28,30-dioic acid, which is a new compound. S. griseus ATCC 13273 was found to be a potent strain based on the regioselective unactivated C-H bond oxidation of PTs, as it conducted the same oxidation reactions to ursolic acid (1) as well as oleanolic acid 24 on the same reaction sites (the methyl group on C-4 and C-20).
To understand the conversion process of ursolic acid (1) by S. griseus ATCC 13273, we next conducted a time-course analysis of the biotransformation process of 1 (ESI Fig. S21 †) . Then, we subjected 1a as the substrate, which also resulted in the product of 1b. Therefore, in the biotransformation process, 1a was the initial product of 1, and 1b was the further oxidized product via 1a.
To further explore the biotransformation capability of S. griseus ATCC 13273 to ursane triterpenes and investigate the inuence of the hydroxyl substitutions on A and B rings in the reactions, another four ursane-type substrates, 3-oxo ursolic acid (2), corosolic acid (3), asiatic acid (4) and madasiatic acid (5), were screened.
Biotransformation of 3-oxo ursolic acid (2, 150 mg) with S. griseus ATCC 13273 also resulted in two additional polar metabolites 2a (38.5 mg, yield 24.1%) and 2b (75.9 mg, yield 45.9%) (Fig. 3A) . Two additional polar metabolites, 3a (46.2 mg, yield 29.0%) and 3b (29.2 mg, yield 15.9%) (Fig. 3B) , were isolated from the biotransformation of corosolic acid (3, 150 mg).
Based on the HR-ESI-MS, 1D and 2D NMR data and the reaction types on ursolic acid, compound 2a was identied as 3-oxo-urs-12-en-28, 30-dioic acid; compound 2b was identied as 24-hydroxy-3-oxo-urs-12-en-28,30-dioic acid;
24 compound 3a was identied as 2a,3b-dihydroxy-urs-12-ene-28,30-dioic acid, and compound 3b was identied as 2a,3b,24-trihydroxy-urs-12-ene-28,30-dioic acid (the structure elucidation can be seen in the ESI †).
Biotransformation of asiatic acid (4, 100 mg) with S. griseus ATCC 13273 resulted in only one additional polar metabolite, 4a (52.1 mg, yield 49.1%) (Fig. 4) .
Compound 4a was obtained as a white amorphous powder. The HR-ESI-MS of compound 4a showed an [M À H] À ion at m/z 517.3164 (calcd for C 30 H 45 O 7 , 517.3171), which indicated an increment of 30 amu as compared to compound 4. Then, 4a was characterized as 2a,3b,23-trihydroxy-urs-12-ene-28,30-dioic acid due to its NMR spectral data being identical to those reported in the literature.
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Biotransformation of madasiatic acid (5, 100 mg) with S. griseus ATCC 13273 resulted in two additional polar metabolites, 5a (12.5 mg, yield 12.1%) and 5b (33.4 mg, yield 31.5%) (Fig. 5) .
The 533.3120), indicating a 30 amu mass increase compared to that of compound 5. According to a similar analysis of the NMR spectrum with 3a and 4a, we judged that the C-30 methyl group of 5 was oxidized to the corresponding carboxyl group.
Compound 5b was identied as 2a,3b,6b,23-tetrahydroxy-urs-12-ene-28,30-dioic acid, and it is reported for the rst time.
It was encouraging to nd that S. griseus ATCC 13273 could catalyze highly efficient regioselective methyl oxidation at C-30 for all of these ursane triterpenes, regardless of the variation of hydroxyl substitutions on A and B rings. The hydroxylation of methyl at C-24 would be shielded when the substrates (compound 4 and 5) bear the vicinal hydroxymethyl group at C-23. Moreover, the methyl group at C-30 of compounds 1-4 could be deeply oxidized to a carboxyl group rapidly, and no potential intermediates were observed in the HPLC analysis, but to the substrate 5, bearing one hydroxyl substitution at C-6, the hydroxylated intermediate (compound 5a) was isolated. Therefore, we speculated that the hydroxyl substitution at C-6 or excessive hydroxyl substitutions on A and B rings may slow the progress of further oxidation of methyl at C-30. This reaction would also provide a new active-site on the E rings for further structural modi-cation of PTs. In general, the facile biocatalytic oxidation of the unactivated C-H bonds by whole cells illustrates the advantages and properties of microbial transformations very well in a reaction that is difficult to achieve using synthetic chemical methods. 26, 27 Developing green and highly regioselective catalytic methods for the oxidation of unactivated sp 3 C-H bonds will have widespread applications in synthetic chemistry.
Cytotoxic activities of the compounds
All compounds were tested for in vitro cytotoxicity. Ursolic acid (1), corosolic acid (3) and asiatic acid (4) showed an inhibitory effect against HepG-2 human hepatoma cancer cells and MCF-7 human breast cancer cells (see Table 1 ). None of the metabolites showed signicant inhibitory activities against these cancer cell lines, which may be due to the toxicity attenuated effect of microbial metabolism on exogenous substrates.
Experimental
General procedures
NMR spectra were recorded on a Bruker AV-500 spectrometer in C 5 D 5 N solution with TMS as the internal standard, and chemical shis were expressed in d (parts per million). HR-ESI-MS experiments were performed on an Agilent 6210 ESI-TOF spectrometer. Preparative HPLC was carried out on a SHIMADZU system with an Ultimate® LP-C18 column (10 Â 250 mm). The high performance liquid chromatography (HPLC) analysis was performed on an Agilent 1260 system with an Ultimate® LP-C18 column (4.6 Â 200 mm) eluent: acetonitrile/water, ow rate: 1.0 mL min À1 , detector: Alltech 3300 ELSD. All of the solvents used for extraction and isolation were of analytical grade. TLC was performed on precoated silica gel GF 254 plates. Separation and purication were carried out by column chromatography on silica gel (200-300 mesh). Silica gel was purchased from Qingdao Marine Chemical Group Co., PR China.
Substrates and microorganism
Ursolic acid (1) and corosolic acid (3) were purchased from Spring&Autumn Pharmacy Co., Ltd., Nanjing China. 3-Oxo ursolic acid (2) was prepared by the oxidation of 1 with Jones reagent and puried by crystallization in methanol. Asiatic acid (4) and madasiatic acid (5) were isolated from Centella asiatica in our lab. Their structures were characterized by 1 H NMR, 13 C NMR, and MS spectra (see Table S1 †).
S. griseus ATCC 13273 was obtained by courtesy of Prof. John P. N. Rosazza of the University of Iowa, USA.
Analytical and preparative scale biotransformation, isolation, and identication of biotransformation products
Cultures were grown by a two-stage procedure in 50 mL of soybean meal glucose medium held in 250 mL culture asks. derived from 48 h-old stage I cultures was used to initiate stage II cultures, which were incubated for 24 h before receiving 10 mg of substrates in 1 mL of DMSO, and incubations were conducted as before. Substrate controls consisted of sterile medium and substrates incubated under the same conditions but without microorganisms. Cultures were incubated for 3-5 days and extracted with equal volumes of EtOAc. The organic phase was concentrated and spotted on a silica gel TLC plate, which was developed by chloroform/methanol (10 : 1, v/v). The results were visualized by spraying with H 2 SO 4 (10% in ethanol) and heating at 120 C for 1-2 min.
Using 24 h-old stage II cultures, the substrate (1-3, 150 mg; 4 and 5, 100 mg) was distributed evenly among thirty 125 mL culture asks. Substrates containing cultures were incubated for 3-5 days and then extracted with equal volumes of EtOAc three times. The organic solvent layer was evaporated to dryness. The crude extracts of substrates 1-5 were subjected to silica gel column chromatography eluted with a solvent system of chloroform/methanol (99 : 1 to 90 : 10) to afford the fractions 1-5, respectively. 
Cytotoxicity assay
Two cancer cell lines, HepG2 and MCF-7, were purchased from Peking Union Medical College (PUMC) Cell Bank (Beijing, China). All cells were maintained in DMEM medium supplemented with 10% fetal bovine serum. The culture was maintained at 37 C, 5% CO 2 , and grown in 96-well microtiter plates for the assay. All media were supplemented with 100 U mL À1 penicillin and 100 mg mL À1 streptomycin. The cytotoxic activity in vitro was measured using the MTT assay. The MTT solution (10.0 mL per well) was added in culture media aer cells were treated with various concentrations of compounds for 72 h, and cells were incubated for a further 4 h at 37 C. The purple formazan crystals were dissolved in 100 mL DMSO. Aer 10 min, the plates were read on an automated microplate spectrophotometer (Bio-Tek Instruments, Winooski, VT) at 570 nm and 650 nm. Assays were performed in triplicate on three independent experiments. In all of these experiments, three replicate wells were used to determine each point.
Conclusions
In conclusion, S. griseus ATCC 13273 showed highly efficient site-selective methyl oxidizing capacity (especially at C-30) over all ve substrates of ursane triterpenes, resulting in eight additional unreported metabolites. Moreover, the site-selective oxidation of PTs obtained is particularly valuable for the fact that it provided the new active-site with the ability to access a greater number and larger variety of further derivatives. The wild microbe with such a specic site-selectivity and high conversion rate to multiple substrates is even more remarkable and uncommon. The whole genome of S. griseus 13273 in our lab has been sequenced. Future efforts will focus on the identication, cloning and heterologous expression of cytochrome P450 genes for the discovery of new biocatalysts for the specic oxidation of unactivated C-H bonds.
